Commercially available adsorption cooling systems use water/silica gel, water/zeolite and ammonia/ chloride salts working pairs. The water-based pairs are limited to work above 0°C due to the water high freezing temperature, while ammonia has the disadvantage of being toxic. Ethanol is a promising refrigerant due to its low freezing point (161 K), nontoxicity, zero ozone depletion, and low global warming potential. Activated carbon (AC) is a porous material with high degree of porosity (500-3000 m 2 /g) that has been used in wide range of applications. Using Dynamic Vapour Sorption (DVS) test facility, this work characterizes the ethanol adsorption of eleven commercially available activated carbon materials for cooling at low temperature of −15°C. DVS adsorption results show that Maxsorb has the best performance in terms of ethanol uptake and adsorption kinetics compared to the other tested materials. The Maxsorb/ethanol adsorption process has been numerically modeled using computational fluid dynamics (CFD) and simulation results are validated using the DVS experimental measurements. The validated CFD simulation of the adsorption process is used to predict the effects of adsorbent layer thickness and packing density on cycle uptake for evaporating temperature of −15°C. Simulation results show that as the thickness of the Maxsorb adsorbent layer increases, its uptake decreases. As for the packing density, the amount of ethanol adsorbed per plate increases with the packing density reaching maximum at 750 kg/m 3 . This work shows the potential of using Maxsorb/ethanol in producing low temperature cooling down to −15°C with specific cooling energy reaching 400 kJ/kg.
Introduction
Commercial adsorption cooling systems are now produced by a limited number of manufacturing companies in Japan (Nishyodo, Mayekawa), USA (Eco-Max), UK (Weatherite), and Germany (Sortech, Invensor, Zeotech) as reviewed by Henning (2010) ; however, most of these cooling units utilize water as a refrigerant, which limits their minimum-operating temperature to be above zero.A number of industrial applications require low temperature cooling (below zero) like medical use (Aslam et al. 2009 ) and food industry (Ammar et al. 2012) . Commercially available low temperature adsorption systems use chemical sorption technique with ammonia as the refrigerant and various salts as adsorbents (Fan, Luo and Souyri 2007) . Such systems suffer from the toxic effect of ammonia and the corrosiveness of the salts used. Therefore, there is a need to investigate more effective adsorption pairs for low temperature cooling. Ethanol has been reported as a promising refrigerant due to its low freezing point, high chemical stability, nontoxicity, zero ozone depletion, low global warming potential (Ketteringham et al. 2012; Tiansuwan and Hirunlabh 1998; El-Sharkawy et al. 2008 ) and low cost for commercial manufacture.
Activated carbons have large surface area and exhibit good affinity towards ethanol. Aslam et al. (2009) developed a refrigerator for vaccine preservation with coconut shell-activated carbon/ethanol pair; the tested refrigerator achieved evaporating temperature of 3.3°C. El-Sharkawy et al. (2008) measured the adsorption isotherms for activated carbon Maxsorb III and investigated its use with ethanol for evaporating temperatures of 7°C and predicted a cycle COP of 0.8, the authors concluded that Maxsorb is suitable for solar cooling systems. Loh et al. (2009) utilized equilibrium cycle analysis for evaluating the performance of activated carbon fibers ACF (A-15) and ACF(A-20) with ethanol at 6.7°C evaporating temperature. ACF (A-20) showed the highest cooling effect among the tested pairs (up to 345 kJ/kg ads for single stage cycles and up to 230 kJ/kg ads for two-stage adsorption cycle but it offers the ability to utilize low temperature heat sources). Mugnier and Goetz (2001) made a theoretical thermodynamic analysis for Maxsorb-activated carbon (PX21) with different refrigerants including ethanol, ammonia and SO 2 . Ethanol/Maxsorb showed the highest specific cooling capacity of 50 Wh/kg ads (180 kJ/kg ads ). Saha et al. (2007a Saha et al. ( , 2007b ) developed a simulation model for 2-bed adsorption chiller using ethanol and ACF(A-20) using low temperature heat source between 60°C to 95°C and adsorption/desorption time of 600 sec with 30 sec switching between the beds. They showed that ethanol/ACF(A-20) produced higher COP (0.6) compared to that of silica gel/water pair (0.45). Tiansuwan (1997) tested three samples of activated carbon with different particle size namely; 1, 2-3, and 5 mm. The activated carbon with 2-3 mm particle size showed the highest ethanol uptake and achieved an evaporating temperature of 5°C when tested in an adsorption cooling system. El-Sharkawy et al. (2006) studied experimentally and numerically the kinetics of activated carbon fiber ACF A-20 with ethanol and developed a new form of linear driving force (LDF) for cylindrical adsorbent that could capture the higher ethanol uptake in ACF. Zheng and Gu (2006) presented a thermodynamic model for a rotary adsorber for continuous operation using activated carbon fiber and ethanol. They concluded that this pair can achieve a cooling system with many advantages including a simple structure, fast refrigeration, and higher thermodynamic coefficient of performance.Yurtsever (2011) tested ethanol, acetone, and n-pentane with activated carbon pellets with 2 mm diameter and 2-4 mm length using a gravimetric analyzer for heat pump application. Although the three fluids are non-toxic, ethanol showed better performance compared to the other two fluids.
The above published work showed the potential of activated carbon/ethanol for adsorption cooling systems with evaporating temperatures above zero (ranging from 3°C to 7°C). This work investigates the feasibility of using activated carbon materials/ethanol to achieve low temperature cooling at −15°C. The ethanol adsorption characteristics of eleven commercially available activated carbon materials (shown in Table 1 ) were measured using Dynamic Vapor Sorption (DVS) test facility and the best performing material (Maxsorb) was modeled using computational fluid dynamics techniques (CFD). The CFD modeling of the adsorption process was then used to predict the effects of adsorbent thickness and packing density on cycle uptake for evaporating temperature of −15°C. Equilibrium cycle analysis at low evaporating temperature of −15°C of various refrigerants/activated carbon pairs was also conducted.
Experimental characterization Of activated carbon adsorbent materials
This section describes the experimental facilities used to measure the adsorption characteristics of various activated carbon materials and the technique used to measure the particle size. A Sympatec HELOS/RODOS (Clausthal-Zellerfeld, Germany) laser diffraction-particle size analyzer was used to determine the volume-weighted particle size of different samples, as adopted from (Kaialy et al. 2011) . Moisture content of the samples was determined by the Karl Fisher method (Metter Toledo, C20 Coulometric KF Titrator, Switzerland). The Fischer reagent solution was Hydranal® Coulomat AF (Sigma Aldrich, USA). The titration of each sample was repeated three times and an average value was taken as given in Table 1 . The size and morphology of all samples were examined using a field emission scanning electron microscopy (SEM, HITACHI SU 8030, Japan) as described in (Kaialy et al. 2013 ). Samples were mounted on adhesive carbon tabs (G3347N, Agar Scientific, England) which were in turn mounted onto aluminum pin stubs (G301, Agar Scientific, England). Figure 1 shows the SEM images of the 11 activated carbon materials tested indicating that Maxsorb powder has the largest particles across the powders tested with a mean diameter of 65.6 ± 1.3 µm. NORIT RX1 and RX2 products were shown as large pellets having wrinkled (rough) porous surface.
For measuring the adsorption characteristics (adsorption isotherms, kinetics and isosters), a dynamic vapor sorption (DVS) gravimetric analyzer shown schematically in Figure 2 has been used. In this DVS analyzer, the adsorbent mass is measured directly using sensitive recording microbalance (Cahn D200) as the material adsorbs controlled concentrations of ethanol. Dry Nitrogen is used to purge the balance head and reaction chamber prior to sample loading. The purge flow is automatically controlled to prevent vapor condensation in the balance head and hence accurate uptake measurement is guaranteed. The microbalance is housed in a controlled temperature chamber to avoid vapor condensation in connections. Mass flow controller is used to control the vapor pressure with a mixture of Nitrogen and ethanol vapor. The uptake was defined as the ratio of the difference between temporal mass measured and mass of adsorbent after drying process (before starting of adsorption) divided by the mass of adsorbent after drying process. The test conditions were measured using optical vapor pressure sensor and RTD temperature probe very close to sample pan. The DVS analyzer is controlled by a PC microcomputer, which is interfaced with the microbalance. The mass measurement accuracy of the tested samples (10 mg initially loaded) is ± 0.05 mg. The samples were first dried at 150°C then adsorption process was carried out at temperatures of 15 and 25°C. Figure 3 shows the measured ethanol uptake for the various activated carbon materials tested, where Figure 3a shows the ethanol uptake variation with time at a partial pressure ratio of 5%. The 5% partial pressure is equivalent to the ratio of ethanol vapor pressure corresponding to evaporating temperature of −15 o C to the ethanol vapor pressure corresponding to adsorber bed temperature of 25°C. Figure 3a shows that Maxsorb has the highest uptake with favorable kinetics compared to the other adsorbents. During experimental measurements, data was collected for partial pressure ratios (P/Ps) ranging from 5% to 90% to generate the adsorption isotherms. Figure 3b compares the maximum ethanol uptake obtained at steady state conditions and the time required to reach such steady state for partial pressure ratio of 90%. It is clear from Figure 3b that Maxsorb has the maximum uptake value of 1.18 kg/kg ads at a steady state time of 500 min followed by HDLC and SRD12005. ATO, SRD12006 and RX1 have similar performance. This performance of Maxsorb can be attributed to its large surface area of 3000 m 2 /g compared to other materials as shown in Table 1 . The experimental measurements shown in Figure 3 have been used to develop mathematical correlations to predict the ethanol uptake of the adsorption materials at various operating conditions. The linear driving force (LDF) model is used for simulating the adsorption kinetics of different pairs as given by Equation 1 (Saha et al. 2007a ):
x, x eq are the temporal and equilibrium uptake considering surface diffusion and k LDF is the mass transfer coefficient. Using the measured data at two different temperatures, the activation energy (E a , Equation 2) and the temperaturedependent diffusion rate constant (k o , Equation 3) can be determined using Arrhenius formula. E a ¼ R ln Figure 4a shows the measured and predicted kinetics of Maxsorb materials at 15°C and 25°C compared to the predicted kinetics using the LDF model. It is clear from Figure 4a , that decreasing the bed temperature increases the maximum adsorption capacity. However, decreasing the bed temperature requires a longer time for the samples to reach its full capacity. This may be explained as follows: as the bed temperature decreases, the operating pressure decreases for the same partial pressure ratio, and the pressure difference reduces which results in longer time for the vapor to penetrate through the pores. For adsorption isotherms, many mathematical models were reported by various researchers such as DubininAstakhov (D-A), Sips, Tóth, Freundlich, Langmuir, Temkin and Hill-de Boer (Rezk et al. 2013) . The profile of the measured isotherm determines the type of model that can be used. The adsorption isotherms for the activated carbon adsorbents were found to fit the Dubinin-Astakhov model shown in Equation 4 (El-Sharkawy et al. 2008; Rezk et al. 2013 ).
where
x max , E and m are empirical parameters that were determined by fitting the uptake with Polanyi potential (A). Figure 4b shows the measured isotherms of maxsorb compared to the predicted isotherms. Table 2 summarizes the different constants generated from fitting the experimental data to kinetics and isotherms models (Equations 1 and 4). The mathematical correlations developed through Equations 1-5 are required to carry out the CFD modeling for investigating the effects of adsorbent layer thickness and its packing density on ethanol adsorption characteristics.
CFD modeling of adsorption process
Computational Fluid Dynamic (CFD) modeling is a powerful tool for simulating heat and mass transfer in adsorption systems. This section describes the CFD model setup for a flat plate bed packed from one side with activated carbon and the cooling water flows on the other side of the plate (shown schematically in Figure 5 ), its governing equations and validation. The mass, momentum and energy balance in the porous bed are expressed by Equations 6-8(Sahoo et al. 2011): 
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Neglecting the unsteady, drag and viscous terms; the momentum Equation (7) reduces to the Darcy form as:
where the permeability K is calculated from:
ΔH in the energy Equation (8) is the heat of adsorption [J/ kg] and x is the uptake. The effective specific heat and thermal conductivity values were calculated using Maxwell-Eucken form as:
where ρ b and ρ s are the packing and solid carbon densities. The packing density was assumed to be 300 kg/m 3 .
The adsorption rate was calculated by differentiating Equation 1. The Darcy model was used to calculate the pressure distribution in the porous bed and k-ε model was used to model the turbulent flow of water. Also, the heat transfer module was used to solve the energy equation in the porous bed, steel plate and water side. Table 3 summarizes the input parameters required for the CFD model. The fluid properties were obtained from the Comsol materials library for gases and liquids of ethanol and cooling water. The particle diameter used for Maxsorb-activated carbon sample is 0.0656 mm. Figure 6 shows the variation of adsorbent uptake and temperature distribution in a 20 mm Maxsorb adsorbent layer at 180 sec from the start of adsorption process with sections at the center of the plates. It can be seen that the relatively high temperature of the upper part of the adsorbent layer causes less uptake of the diffused ethanol vapor compared to that at the lower part of the adsorbent where the temperature is lower. Figure 7 compares the DVS measured ethanol uptake for Maxsorb layer thickness of 1 mm to the CFD predicted average uptake for the same layer thickness. The deviation between the experimental results and those of the CFD is less than 8%.
CFD results
Using the CFD modeling developed in section 3, this section investigates the effect of adsorbent layer thickness and packing density on the Maxsorb/ethanol uptake and the bed-specific cooling power.
Effect of adsorbent layer thickness
The adsorbent layer thickness plays a major role in determining the overall system performance in terms of size, cooling capacity and energy efficiency. The amount of adsorbed refrigerant equals to the refrigerant uptake multiplied by the amount of adsorbent material. As the adsorbent layer thickness increases, the mass of adsorbent material increases but the refrigerant uptake decreases due to the reduction in the bed permeability and the reduction in the effectiveness of cooling the adsorbent material. With this opposing effects of the material thickness, a detailed CFD analysis was carried out to predict the effect of packing thickness on the ethanol uptake of Maxsorb and adsorber bed temperature using Comsol Multiphysics to identify the most effective packing thickness. Figure 8 shows the effect of adsorbent thickness (ranging from 1 mm to 20 mm) on the ethanol uptake and adsorbent bed temperature for initially dry adsorbent layer (x = 0). It shows that the average ethanol uptake decreases as the adsorbent thickness increases. However, the rate of decrease in the uptake increases significantly as the layer thickness increases above 8 mm. This can be attributed to the temperature variation shown in Figure 9 where above 8 mm layer thickness, the average adsorbent temperature initially (first 200 sec) starts to increase to a maximum value and then starts to drop monotonically. This clearly indicates that adsorbent packing thickness below 8 mm can be cooled effectively and hence offer better adsorption characteristics in terms of uptake per unit mass of adsorbent and offer higher cooling capacity. Such temperature behavior with adsorbent thickness have been observed by other researchers such as Füldner and Schnable (2008) and Riffel et al. (2010) . In a real chiller operation, the adsorbent material cycles between upper and lower concentration levels which are determined by the operating conditions. The initial uptake will have a defined value (calculated from Equation 4) and this will reduce the uptake change during the cycle. Figure 10 shows the variation of specific cooling power of Maxsorb with time at the layer thicknesses shown in Figure 9 . It is clear that using large packing thicknesses suppress the specific cooling power significantly as the SCP decreases from 45 W/kg to 14 W/kg by increasing the packing depth from 5 mm to 20 mm.
Effect of the bed packing density
All the above CFD analysis was carried out using adsorbent packing density of 300 kg/m 3 as reported for Maxsorb . The packing density of the bed affects the mass and heat transfer performance. Increasing the packing density reduces the bed permeability, but in the same time increases the effective thermal conductivity as shown in Figure 11 . Reducing the bed permeability results in reducing the diffusion of ethanol into the adsorbent material and hence reduces the uptake. However, increasing the effective thermal conductivity increases the heat transfer rate which can increase the uptake. Therefore, there is a need to determine the packing density of the bed that produces the highest amount of ethanol adsorbed. Several packing densities for Maxsorb ranging from 300 to 1500 kg/m 3 were used to predict the effect of packing density on the amount of ethanol adsorbed per plate as shown in Figure 12 . It is clear from this figure that for all cycle times used, the total ethanol adsorbed per plate (directly affecting the cooling capacity) increases with increase of packing density until it reaches a maximum at a packing density of 750 kg/m 3 . Also, Figure 12 shows that using packing densities above 750 kg/m 3 have no effect on the amount of ethanol adsorbed per plate.
Comparison to low temperature adsorbent/refrigerant pairs
The performance of Maxsorb-activated carbon/ethanol pair was compared to other activated carbon/low temperature refrigerants pairs using standard equilibrium adsorption cycle analysis with T evap = −15°C, T ads = 25°C, T cond = 30°C and various desorption (regeneration) temperatures ranging from 90 to 120. Figure 13 shows the comparison of Maxsorb/ ethanol with the following pairs: methanol/Fx400 (Hamamoto et al. 2006 ), R134a/ Ax-21 activated carbon (Askalany et al. 2012 13252-2 carbon (Tamainot-Telto et al. 2009 ). Figure 13a shows the refrigerant cycle uptake versus the regeneration temperature with ethanol/Maxsorb being superior compared to other adsorbent/refrigerant pairs. To take into account the effect of the refrigerant, Figure 13b shows the Specific Cooling Energy (SCE) versus the regeneration temperature indicating that the best pair is Maxsorb/ethanol producing SCE ranging from 150 to 400 kJ/kg ads .
Conclusions
Activated carbon/ethanol is a promising pair in adsorption cooling technology where waste heat can be used to generate low temperature cooling down to −15°C. In this work, 11 activated carbon materials commercially available have been characterized in terms of their ethanol adsorption performance using the Dynamic Vapour Sorption (DVS) test facility. Results showed that Maxsorb outperforms other activated carbon materials both in terms of the maximum equilibrium uptake 1.18 kg/kg ads . Computational Fluid Dynamic technique was developed to simulate the adsorption process for Maxsorb/ethanol using DVS experimental data and the Darcy model of porous material in COMSOL multiphysics software. This modeling technique was validated against experimental measurement with deviation of less than 8%.
Adsorbent layer thickness and Packing density have significant impact on the adsorption system performance in terms of size and cooling capacity. CFD simulations were used to predict the effect of those two parameters. CFD results showed that as the thickness of the Maxsorb adsorbent layer increased, its uptake decreased. As for the packing density, the amount of ethanol adsorbed per plate increased with the packing density reaching maximum at 750 kg/m 3 . Also, comparing ethanol/Maxsorb performance to other working pairs (reported in literature) in terms of specific cooling energy showed that ethanol/Maxsorb significantly outperform the other pairs for low temperature cooling. The outcome of this work shows the advantages of using Maxsorb activated carbon/ethanol in producing low temperature cooling down to −15°C with specific cooling energy up to 400 kJ/kg.
